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Fis  sion frag  ment an  gu  lar anisotropies from neu  tron in  duced fis  sion of 232Th and 235U were
an  a  lyzed within the frame work of the sta  tis  ti  cal model. The anal  y  sis were made at neu  tron
en  er  gies from thresh  old up to 50 MeV to de  duce the vari  ance K0
2 of the K-dis tri bu tion  of  lev -
els in the tran  si  tion nu  cleus. Our anal  y  sis shows, that the strength for the K-tran si tion  states
co  mes mainly from the higher an  gu  lar momentas and is in ac  cor  dance with Nilsson model
orbitals.
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IN TRO DUC TION
At neu tron en er gies, well above the thresh old for 
even-even tar  get nu  clei, the chan  nels for fis  sion open
fully, and many K-val ues  be come  pos si ble.  This  hap -
pens at ex  ci  ta  tion en  er  gies above 1.15 MeV, when it
be  comes pos  si  ble to sep  a  rate neu  tron pairs, and the
com  plex  ity of the tran  si  tion state spec  trum in  creases
rap idly. So, at higher ex  ci  ta  tion en  er  gies fis  sion is ex  -
pected to oc  cur through chan  nels de  fined by K-val ues
dis trib uted  ac cord ing  to  a  Gaussi an  dis tri bu tion  cen -
tered around K = 0. It is thus ap pro pri ate to take the sta -
tis ti cal  dis tri bu tion  of  chan nels  at  these  en er gies.  The
vari ance  of  the  dis tri bu tion  K 0
2  is ex  pected to vary
with en ergy, since as the en ergy in creases, more chan -
nels  will  be come  ac ces si ble  and  K 0
2will change ac  -
cord ingly. This will make it pos si ble to get in for ma tion 
about the con tri bu tion of Nilsson lev els at dif fer ent ex -
ci ta tions. The fis sion an gu lar dis tri bu tion data are ev i -
dently cru  cial to ob  tain in  for  ma  tion on the vari  ance 
K 0
2. The de  tails of the the ory are de  scribed in the Sec -
tion  on  the o ret i cal  for mal ism.  Re sults  and  dis cus sion
will be pre  sented in the last sec  tion.
THE O RET I CAL    FORMALISM
The prob  a  bil  ity that a com  pound nu  cleus will
de  cay through a tran  si  tion state is pro  por  tional to the
den  sity of lev  els (I, K) in the tran  si  tion state nu  cleus.
This is given by [1]
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From eqs. (1) and (2) one ob  tains
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For  fixed val  ues of E, T, and I it be  comes
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This equa  tion is equiv  a  lent to a Gaussi  an K-dis  -
tri  bu  tion and can be writ  ten as
r( , , ) exp I K
K
K
p =
-
2
0
2 2
(5)
where K 0
2= (T/h
2)[(1/ÁP) – (1/Á^)] rep  re  sents the vari  -
ance of the Gaussi an K-dis tri bu tion of tran si tion states.
The ex  cited lev  els in the tran  si  tion nu  cleus are
char ac ter ized  by  K quan  tum num  ber which is the pro  -
jec  tion of to  tal an  gu  lar mo  men  tum along the sym  me  -
try axis. With the as  sump  tion that the frag  ments sep  a  -
rate along the sym  me  try axis and that K is a good
quan tum  num ber  dur ing  fis sion,  the  frag ment  an gu lar
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M  (pro jec tion  of  to tal  an gu lar  mo men tum  along  the
space fixed axis) is given by [3]
W
I
d M K
I
M K
I
, . ( ) ( ) q q µ
+ 2 1
4
2
p
(6)
The  nor  mal  ized  d M K
I
,  q func  tions are de  fined
by [4]
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where the sum is over X = 0, 1, 2, ... and con  tains all
terms in which no neg  a  tive value ap  pears in the de  -
nom i na tor of the sum for any quan tity in pa ren the ses.
If the tar  get and the pro  jec  tile spins are zero and
there is no par ti cle emis sion from the ini tial com pound 
nu cleus be fore fis sion (i. e. M = 0), then the over all an -
gu  lar  dis  tri  bu  tion  for  a  fixed  en  ergy E, is  given by
[5, 6]
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where  the  trans mis sion  co ef fi cients  are  writ ten  as  Tl,
since R = I when M = 0. Equa tion (8) is an ex act the o ret -
i cal  ex pres sion  for  com pu ta tion  of  fis sion  frag ment
an  gu  lar dis  tri  bu  tion when both the tar  get and pro  jec  -
tile spins are zero. If the tar  get and pro jec  tile spins are
in  cluded, an ex  act ex  pres  sion for the fis  sion frag  ment
an gu lar  dis tri bu tion  is  [7]
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The quan  tity I0, s, and j, are the tar  get spin, pro  -
jec  tile spin and chan  nel spin, re  spec  tively. The chan  -
nel spin j is de  fined by the re  la  tion j = I0 Å s. The to  tal
an gu lar  mo men tum  I is given by the sum of the chan  -
nel spin and or bital an gu lar mo men tum;  I = j  Å R. The
pro jec tion  of  I0  on the space-fixed axis is given by m,
whereas the pro  jec  tion of j (and I) on this axis is M.
The use of eqs. (8) or (9), re  quires the eval  u  a  tion
of many d M K
I
, (q) func  tions and the Clebsch-Gordan
co  ef  fi  cients, hence these equa  tions have rarely been
used for data anal y sis. In the pres ent pa per, we have de -
vel oped a spe cial com puter code to run these more cum -
ber some  the o ret i cal  ex pres sions  and  thereby  to  de duce
the  sta tis ti cal  vari ance  K 0
2. In the fol  low  ing we rep  re  -
sent the ob tained quan ti ta tive val ues of the vari ance K 0
2.
RE SULTS  AND  DIS CUS SION
Frag ment an gu lar dis tri bu tion data at lim ited en -
ergy  ranges  have  been com  piled by var  i  ous groups
[8, 9]. Frag  ment ani  so  tropy data for 232Th(n, f) and
238U(n, f) fis sion re ac tions [10, 11] have been an a lyzed 
and  the  sta tis ti cal  vari ance  K 0
2 has been ob  tained by
fit ting  the  ex per i men tal  frag ment  anisotropies  with
ex act  the o ret i cal  ex pres sions  (8)  and  (9).  Op ti cal 
model trans mis sion co ef fi cients  have been used in the
cal cu la tions.
The curve in fig. 1 il  lus  trates the the  o  ret  i  cal de  -
pend ence  of  K 0
2 on the fis  sion ani  so  tropy. From this
fig ure it can be seen that K 0
2- pa ram e ter be comes larger 
at smaller anisotropies. Cal  cu  la  tions of the vari  ance 
K 0
2 for 232Th(n, f) sys  tem at var  i  ous neu  tron en  er  gies,
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Fig ure  1.  Frag ment  ani so tropy  W(0)/W(90) of fis  sion
frag ments for 
232Th(n, f) sys tem at 21 MeV neu trons. The 
the o ret i cal  curve  is  cal cu lated  us ing  eq.  (9)
Ta ble 1. Val ues of the anisotropies for 
232Th(n, f) re ac tion
to  gether with the de  duced val  ues of the vari  ances K0
2
Neutron energy
[MeV]
Anisotropy
W(0)/W(q)
Variance K0
2
2.3
2.5
3.0
4.0
6.0
7.0
8.0
10.0
12.0
13.0
14.0
15.0
16.0
18.0
20.0
1.75
1.66
1.40
1.16
1.12
2.42
2.41
1.79
1.47
1.52
1.68
1.70
1.52
1.79
2.10
1.47
2.47
3.77
11.96
21.97
2.15
2.48
5.91
10.94
10.56
8.90
8.34
12.79
9.03
6.82have been made us  ing the ex  act eq. (9). The op  ti  cal
model trans  mis  sion co  ef  fi  cients have been used again
in all cal  cu  la  tions. The re  sults are listed in tab. 1 to  -
gether with the ex per i men tal frag ment anisotropies for 
this  re ac tion.
The best fit val ues of K 0
2 listed in tab. 1, are also
plot  ted in fig. 2 as a func  tion of in  ci  dent en  ergy. Fig  -
ure 2 shows that the vari  ance K 0
2 in  creases smoothly
with neu tron en ergy. This be hav ior im plies that as the 
ex ci ta tion  en ergy  in creases,  many  more  sin gle  par ti -
cle Nilsson lev  els con  trib  ute and cause the pop  u  la  -
tion of K-states to be come large.  Sim i lar anal y sis  has
been made for the 238U(n, f) sys tem. For ex am ple, the
de pend ence  of  K 0
2 on en  ergy is shown in fig. 3. We
see that the K 0
2 pa  ram  e  ter in  creases again for smaller
anisotropies. The best fit val ues of the vari ance of the
K-dis tri bu tion  for  var i ous  neu tron  en er gies  have
been com puted for 238U(n, f) sys tem in the same way,
as it was done for 232Th(n, f) re ac tions. The ex act the -
o  ret  i  cal eq. (9) was used in the cal  cu  la  tions. The re  -
sults are listed in tab. 2 and are plot ted in fig. 4. In par -
tic u lar,  smooth  in crease  of  K 0
2 with in  ci  dent en  ergy
in  di  cates the con  tri  bu  tions of many Nilsson lev  els in
this re  gion.
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Ta  ble 2. Val  ues of the anisotropies for 
232U(n, f) re  ac  tion
to  gether with the de  duced val  ues of the vari  ances K0
2
Neutron energy
[MeV]
Anisotropy
W(0)/W(q)
Variance K0
2
1.0
1.4
2.3
3.0
4.0
5.0
5.8
13.5
14.0
15.0
21.0
35.0
46.0
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1.55
1.34
1.34
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1.26
1.38
1.38
1.55
1.46
1.56
1.20
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1.15
1.68
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6.86
8.96
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13.02
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2  with  in creas ing  in ci dent  neu tron  en ergy.
Sym bols  rep re sent  the  ex per i men tal  re sults  of  dif fer ent
au thors  [11-13]
Fig ure  3.  Frag ment  ani so tropy  W(0)/W(90) of fis  sion
frag ments  for 
238U(n, f) sys  tem at 21 MeV neu  trons. The
the o ret i cal  curve  is  cal cu lated  us ing  eq.  (8)
Fig  ure 4. De  pend  ence of the vari  ance K0
2 on neu  tron
en ergy  for 
238Th(n, f) fis  sion re  ac  tion. Note the smooth
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PROU^AVAWE  IZABRANIH  FISIONIH  REAKCIJA  PRIMENOM
NILSONOVIH  ORBITALA
Ugaone anizotropije fisionih fragmenta nastalih fisijama 232Th i 235U izazvanim
neutronima razmatrane su u okvirima statisti~kog modela. Analize su sprovedene za energije
neutrona od praga za fisiju do 50 MeV, da bi se dedukovala K0
2 varijansa K-raspodela nivoa u
prelaznim jezgrima. Na{a analiza pokazuje da energija za K-tranziciona stawa poti~e uglavnom od
vi{ih ugaonih momenata i da je u skladu sa Nilsonovim modelom orbitala.
Kqu~ne re~i: fisiona ugaona anizotropija, 232Th(n, f) i 238U(n, f) reakcije fisije, neutronska
..........................energija, Nilsonove or  bit  ale 